Electron, hole, and exciton states of multishell CdS/HgS/CdS quantumdot quantum well nanocrystals are determined by use of a multiband theory that includes valence-band mixing, modeled with a 6-band Luttinger-Kohn Hamiltonian, and nonparabolicity of the conduction band. The multiband theory correctly describes the recently observed dark-exciton ground state and the lowest, optically active, bright-exciton states. Charge separation in pair states is identified. Previous single-band theories could not describe these states or account for charge separation.
transitions to the lowest pair state, there is no dark-exciton ground state. Also, the next optically active pair state is predicted to be 200 meV above the lowest optically active state.
Since the electron and hole have similar masses in these models, little separation of the electron and hole into different layers is predicted.
The presence of multiple, closely spaced excitations with very different oscillator strengths suggests that a more detailed description of the band states, including both heavy and light holes, is needed for these QDQWs. It has been proved for other semiconductor quantum dots [8] [9] [10] [11] that valence-band mixing must be included to correctly describe hole levels, transition energies, and excitation spectra. For structures containing layers of narrowgap semiconductors, such as HgS, CB nonparabolicity should also be included. To explain the recently observed spectra of CdS/HgS/CdS quantum dots [1] , to determine when charge separation occurs, and to study how energy levels and excitation spectra depend on CdS and HgS shell thicknesses, we have performed multiband calculations for spherical QDQWs based on the k · p method and the envelope function approximation (EFA).
We use the 6-band Luttinger-Kohn Hamiltonian in the spherical approximation [8] to describe hole states. Only the angular momentum operator F = J + L, where J is the Bloch band-edge angular momentum (3/2 for heavy and light holes and 1/2 for the split-off band) and L is the envelope angular momentum in a spherical dot, commutes with the hole Hamiltonian. The hole states are eigenfunctions of F and
where the |JJ z are the appropriate Bloch band-edge states, r|nLL z = f nL (r)Y LLz (r), the f nL (r) are radial envelope functions and the Y LLz (r) are spherical harmonics. Following
Ref. [9, 11] the hole states are described by three quantum numbers: nL h F , where n is the main quantum number, and L h is the lowest L that appears in Eq.(1) for a given F . The three different radial components f nL (r) that appear for a given F are solutions of a set of second-order coupled differential equations for the radial part of the 6-band LuttingerKohn Hamiltonian. For each semiconductor shell this Hamiltonian depends on 3 empirical parameters: two Luttinger parameters γ and γ 1 and the split-off gap ∆.
The electron states are products of the Bloch CB-edge state |Sσ for an S atomic state with spin σ and the envelope functions |nL e L e z . The one-band effective-mass radial equation is solved to determine f nL e (r). CB nonparabolicity is included perturbatively by use of an energy-dependent mass correction defined by two empirical parameters: the energy gap E g and E p = 2V 2 , where V = S|p z |Z is the Kane matrix element [9] . The electron and hole equations are solved numerically.
We use the following material parameters: CdS E g = 2. into account by use of the parameter f = −1.0 in the electron effective mass equation [9] .
As a result the electron mass is 0.15 near the CB-edge in CdS and 0.04 for the energy range of interest in HgS, close to values found in the literature [7, 13, 14] .
To test that the EFA can be applied to QDQW structures containing layers as thin as 1 ML, we perform first a series of calculations for wide-layer structures, for which the EFA works [9] [10] [11] , and then we vary shell widths to reach the limit of thin layers. The sequence is shown in Fig. 1 . We start with a CdS quantum dot with a 2 nm radius, i. e. a 1 nm core and a 1 nm clad (structure a in Fig. 1 ). Next, we add a HgS shell between the CdS core and clad, starting with a 0.3 nm (∼1 ML) shell and extending to a 2 nm shell (structure b in Fig. 1 ). Next the CdS core is reduced until the limit of a HgS/CdS quantum dot with no CdS core (structure c) is reached. Finally, the 1 nm wide CdS clad is eliminated to end with a 4 nm diameter HgS QD (structure d).
Electron and hole energies are shown in Fig. 2 for this sequence of structures. Transition energies are calculated by taking the electron-hole pair energy differences and subtracting the pair binding energy, which is determined perturbatively [19] with an average effective dielectric constant. The transition energies are presented in Fig. 3a . Oscillator strengths of the lowest transitions are shown in Fig. 3b . The oscillator strengths are calculated by averaging over all linear polarizations (i) of the dipole transition operator
where L e z averages over final electron states andp is the momentum operator. Most importantly, electron and hole levels evolve smoothly as layer thicknesses are varied. Thus the EFA should be quantitatively accurate for structures with wide layers and should be qualitatively accurate and quantitatively reasonable for structures with thin layers.
As the HgS shell width increases, successive electron states become trapped in the HgS shell when their energies fall below the CdS CB-edge and their charge densities become localized in the HgS shell. Due to global confinement, electron energies increase as the CdS core or clad decreases.
In the one band approximation [2, 3, 7] , hole and electron states behave the same way when the HgS thickness is varied, with the corresponding hole and electron states trapping in the HgS for nearly the same thickness. In the multiband approximation, hole states behave differently from electron states. A group of hole levels (1P 3/2 , 1P 1/2 , 1S 3/2 ) easily fall below the CdS VB-edge, even for a HgS shell as thin as 1 ML (∼ 0.3 nm). The corresponding charge densities are strongly localized inside the HgS (see Fig. 4 ). These hole states are more easily trapped than the corresponding electron states. The n = 2 hole states of these symmetries trap in the HgS layer at larger widths (∼ 0.4 − 0.5 nm). There is also a group of states (nS 1/2 ) with energies above the CdS VB-edge even for a 2 nm wide HgS shell. Their charge density maxima are located in the CdS cladding layer (see Fig. 4 ). Moreover, the dominant contribution from the J = 3/2 band to the lowest S 1/2 state is made by the L = 2 component [8, 10] . Thus the S 1/2 charge density maximum is in the CdS clad.
In contrast, S 3/2 , P 3/2 and P 1/2 states are a mixture of heavy hole, light hole and split-off bands. The HgS heavy hole mass and the CdS light hole mass are similar, so these states can localize in the HgS well.
Localization of the hole 1S 1/2 state in the CdS clad and electron 1S state in the HgS shell (see Fig. 4 ) explains why the oscillator strength (Fig. 3b) (Fig. 2 of Ref. [1] ) and differs from the predicted position of 1P 1/2 − 1P state by only 10 meV. Experimentally, both transitions should be of comparable strength [20] .
Our calculated oscillator strengths are almost the same for these transitions (see Fig. 3b ).
The calculated energy of the optically inactive 1S 
